Introduction
Erythropoiesis is a carefully orchestrated process culminating in the generation of mature enucleated RBCs from hematopoietic stem cells (HSCs) via a bipotent megakaryocytic-erythroid progenitor and progressively more differentiated erythroid progenitors. Under normal conditions, the bone marrow (BM) is the major site of adult erythropoiesis, but in cases of BM injury or increased demand for RBC production, the spleen may launch compensatory erythropoiesis in a process known as extramedullary erythropoiesis (EME). Increasing overall erythropoietic output in all cases requires increasing erythropoietin (Epo) production.
Epo is a pleiotropic cytokine promoting and sustaining erythropoiesis at multiple levels. It plays pivotal roles in directing hematopoiesis toward the erythroid lineage (Grover et al., 2014) , in expanding the erythroblast pool (von Lindern et al., 2004) , and in exerting an antiapoptotic effect (Koury and Bondurant, 1990) . A major control of Epo synthesis is its hypoxic induction mediated by stabilization and binding of HIF2α (hypoxia-inducible factor 2α) to the Epo promoter (see Koury and Haase, 2015 for a recent review on Epo regulation by hypoxia). Significantly less is known, however, regarding Epo regulation under normoxia.
Renal peritubular interstitial fibroblast-like cells (Koury et al., 1988; Lacombe et al., 1988; Semenza et al., 1991; Maxwell et al., 1993; Paliege et al., 2010) and, to a lesser extent, hepatocytes are the major producers of Epo under hypoxia. The size of the Epo-producing cell (EPC) pool correlates with the total level of Epo transcription and, correspondingly, with overall circulating Epo levels (Obara et al., 2008; Koury and Haase, 2015) . Lineage tracing demonstrated that all EPCs share a common FoxD1 + stromal cell progenitor and that modulation of the HIF pathway (i.e., HIF2α stabilization via Von Hippel-Lindau protein inactivation) can recruit multiple subpopulations of stromal cells to the EPC pool, such as renin-producing cells and interstitial fibroblasts (Koury and Haase, 2015; Kobayashi et al., 2016) . While renal vascular smooth muscle cells (VSMCs) are also derived from a FoxD1 + stromal cell progenitor, they have not been previously implicated in Epo production.
Damage to EPCs due to fibrosis results in inadequate Epo production, leading to insufficient erythropoiesis. A notable example is anemia associated with chronic kidney disease (CKD), which results from damage to EPCs and their conversion to SMA + myofibroblasts (Asada et al., 2011; Souma et al., 2013) . This has prompted attempts to restore functionality to damaged EPCs, such as through manipulations of the HIF pathway intended to mimic a native hypoxic response (Kurt et al., 2015; Chang et al., 2016; Souma et al., 2016) . An alternate possibility shown here is to recruit alternative cell types to the canonical EPC pool inde-pendent from the HIF pathway. Attractive candidate cell types in this regard are renal mesenchymal and stromal cells derived from a progenitor common to that of canonical EPCs but not previously ascribed to Epo production, such as VSMCs.
Gli1 is a zinc finger transcription factor initially characterized in glioblastoma that was recently identified as a marker of PDG FRβ + mesenchymal stem cell (MSC)-like perivascular cells that localize to the pericyte niche and possess trilineage differentiation potential to chondrocytes, osteoblasts, and adipocytes (Zhao et al., 2014; Kramann et al., 2015 Kramann et al., , 2016 . It was shown that upon organ injury and neovascularization across multiple organs including heart and kidney, resident Gli1 + cells expand and become myofibroblasts or VSMCs, migrating from the adventitia to the media and neointimal layers of the vasculature (Kramann et al., 2015 (Kramann et al., , 2016 .
Here, we found that vascular endothelial growth factor A (VEGF-A) is capable of increasing Epo production independent from hypoxia. VEGF-A is a secreted growth factor mostly known for its angiogenic activity; yet VEGF possesses many additional activities both vis-à-vis the vascular system and outside of it (see Senger, 2010 for a review on multiple VEGF functions). Nonvascular functions of VEGF are typically mediated by VEGF receptors expressed by a host of nonvascular cells, including HSCs and various cells of the myeloid lineage (Hattori et al., 2001; Gerber et al., 2002; Xue et al., 2009; Rehn et al., 2014) . This may also explain apparent effects of VEGF on multiple processes in the hematopoietic cascade (Bautz et al., 2000; Cervi et al., 2007; Huang et al., 2007; Drogat et al., 2010) . Like Epo, VEGF can be induced by hypoxia via the HIF/VHL axis, where it acts to improve tissue perfusion by promoting neovascularization (Shweiki et al., 1992; Forsythe et al., 1996) . Not surprisingly, therefore, VEGF and Epo are often coinduced in tissues experiencing hypoxia, notably in hypoxic tumors. While in some cancers, observed splenomegaly and EME are correlated with elevated levels of both circulating VEGF and Epo (Baccarani et al., 1978; Xue et al., 2009; Pinczewski and Papadimitriou, 2011; Feng et al., 2013) , a causal relationship between the two has not been examined.
We provide the first evidence that VEGF is a potent Epo inducer leading to an overall increase in RBC production independent from hypoxia. Furthermore, we show that VEGF-driven Epo production takes place in a previously uncharacterized perivascular EPC population and is mediated by a noncanonical mode of VEGF signal transduction dependent on platelet-derived growth factor receptor β (PDG FRβ).
Results

VEGF is a potent Epo inducer in kidney, liver, and spleen
To determine whether VEGF may increase circulating levels of Epo independent from hypoxia, we used a transgenic system for conditional and reversible induction of VEGF in adult mice. Briefly, VEGF was induced upon withdrawing tetracycline (Tet) from the drinking water of bitransgenic mice in which a hepatocyte-specific, Tet-regulated transactivator protein drives expression of the main secreted VEGF isoform VEGF-A 164 (see Materials and methods for experimental details). A hepatic source of ectopic VEGF acting under the liver-enriched activator protein (LAP) promoter was chosen to secure continuously high steady state levels of circulating VEGF (Dor et al., 2002) . VEGF was induced at 6 wk of age, and its levels in blood were monitored weekly with a VEGF-specific ELI SA. Steady state levels of circulating VEGF were found to vary among mice in the range of 300-1,100 pg/ml, with the majority exhibiting circulating levels in the 600-1,000 pg/ml range. Induced VEGF in this system is accessible to all remote organs and can be withdrawn at will by readdition of Tet to the drinking water.
As shown in Fig. 1 A, VEGF dose-dependently increased plasma levels of Epo. At the higher VEGF ranges, Epo levels in plasma reached >10-fold higher levels compared with noninduced control littermates. Importantly, ongoing VEGF signaling was required to maintain these elevated levels of circulating Epo, evidenced by its decline within 1 to 2 wk following VEGF withdrawal ( Fig. 1 B) . To determine the relative contribution of different organs to overall circulating VEGF-induced Epo, both Epo mRNA (Fig. 1 C) and Epo protein ( Fig. 1 D) were measured in tissue homogenates of organs known as Epo producers-namely, kidney, liver, and spleen. VEGF-induced Epo production in kidney was reflected in a dramatic, almost 20-fold increase in Epo mRNA and, correspondingly, by a similar increase in Epo protein.
A more modest, yet substantial, four-to fivefold increase in Epo production was also observed in liver and spleen.
Epo induction by VEGF takes place under normoxic, nonanemic conditions
The conditional system used to induce VEGF is not associated with tissue hypoxia, which is the major known physiological Epo inducer. Nevertheless, to ensure that Epo induction by VEGF takes place under fully normoxic conditions, kidney, liver, and spleen sections were immunostained for pimonidazole (Hypoxyprobe). Results showed no difference in Hypoxyprobe staining relative to tissue-matched controls ( Fig. 1 E) . Likewise, the mRNA transcripts of the HIF target genes Ldh-A, Pgk, and Glut1 were not elevated in the VEGF-induced kidney, the major site of hypoxic Epo production ( Fig. 1 F) , corroborating that its induction by VEGF takes place under normoxia. Next, we wanted to rule out that VEGF-induced Epo up-regulation might represent a compensatory response secondary to VEGF-inflicted erythropoietic stress and anemia. Robust Epo up-regulation ( Fig. 1 A) was not associated with a statistically significant decrease in RBC count, hematocrit, or hemoglobin ( Fig. 1 G) .
Because low levels of circulating VEGF are normally found in both humans (mean 154 pg/ml in a meta-analysis by Choi et al., 2016) and mice, it was of interest to determine whether VEGF also mediates homeostatic Epo production. To this end, endogenous VEGF was blocked by its sequestration with a conditionally induced soluble VEG FR1 decoy receptor (sFlt1) functioning as a VEGF trap as described in May et al. (2011) (see Materials and methods for experimental details). Endogenous VEGF blockade had no effect on circulating Epo levels or kidney Epo expression ( Fig. S1 ), arguing against a role for VEGF in homeostatic Epo production.
VEGF induces Epo in a novel EPC population of perivascular stromal cells
Having identified kidney, liver, and spleen as the primary sources of VEGF-induced Epo production, we next determined which cells Figure 1 . VEGF induces Epo production by kidney, spleen, and liver under normoxia. (A) Plasma EPO was determined by ELI SA following VEGF induction of TetVEGF164-LAPtTa mice at multiple circulating VEGF levels (n = 10-12 per circulating VEGF concentration group, combining the results of three independent experiments). Statistical analysis was by one-way ANO VA with Tukey post-test. *, P < 0.05; ***, P < 0.001, compared with noninduced control littermates (black); midlines represent median for each group with error bars extending from the first quartile to the minimum and from the third quartile to the maximum. (B) Longitudinal weekly measurements of circulating VEGF and Epo levels in noninduced control mice (OFF), VEGF-induced mice (ON), and VEGF-induced mice de-induced 3 wk from induction (arrow; ON-OFF). n = 4-5 mice per group; data are representative of two independent experiments. **, P < 0.01 for comparisons of ON or ON-OFF modes to the corresponding control by unpaired, two-tailed Student's t test; error bars represent SEM. Note rapid decline in circulating Epo upon VEGF de-induction. (C and D) Epo mRNA (C) and protein content (D) was measured in kidney, liver, and spleen homogenates derived from control and in these organs produce Epo under VEGF. Previously, EPCs were identified as intercalated cells of the collecting ducts and proximal and distal tubules under normoxia (Nagai et al., 2014) and as interstitial fibroblast-like cells of the kidney cortex under hypoxia (Lacombe et al., 1988; Pan et al., 2011) . Epo immunostaining in kidney sections of VEGF-induced mice revealed multiple EPC populations, including the two mentioned above: CD73 + interstitial fibroblast-like cells (Fig. 2 , A, D, E, and G) and DBA + proximal tubules (Fig. 2 H) . Strikingly, an additional previously unrecognized EPC population was discovered-namely, smooth muscle actin + (SMA + ) perivascular stromal cells resembling VSMCs (Fig. 2 , A-C, E, and F; and Fig. 3 A) . This unique EPC population was also present in VEGF-induced liver and spleen, with EPCs detected in the perivascular niche of nearly all SMA + vessels but very little to none in littermate controls ( Fig. 3 , B-D; and Fig. S2 ).
VEGF recruits alternative EPCs from Gli1 + perivascular MSC-like cells
Recent studies suggested that perivascular Gli1 + PDG FRβ + MSClike cells may give rise to SMA + myofibroblasts and to VSMCs (Zhao et al., 2014; Kramann et al., 2015 Kramann et al., , 2016 . We therefore hypothesized that the SMA + perivascular EPCs described above might also originate from Gli1 + cells. To test this hypothesis, we generated a quadruple transgenic mouse line with the composition Gli1-Cre ER ::Ai9TdTomato::Tet-VEGF164::LAP-tTA designated for lineage tracing of Gli1 + cells. VEGF was induced by withdrawal of Tet and followed by a tamoxifen pulse to stably label Gli1-expressing cells and their descendants with TdTomato. Triple transgenic mice missing the VEGF responder transgene served as littermate controls (see Fig. 4 A for the experimental scheme). Results showed that VEGF induction led to expansion of the tdTomato-tagged perivascular Gli1 + population at the adventitial and medial layers and was accompanied by acquisition of SMA by these cells (Fig. 4 , B and C). Additionally, Gli1 + cells migrated closer to the vasculature, with a more than twofold increase in the percentage of Gli1 + cells that are in direct contact with endothelial cells (Fig. 4 , B and D). Remarkably, by 2 wk from the onset of VEGF induction, a significant fraction of the expanded renal Gli1 + population (40%) became Epo positive (Fig. 4 , E and F). These results point to perivascular Gli1 + MSC-like cells as a potential source of EPCs that can be recruited by VEGF.
VEGF-induced Epo is not mediated by canonical VEGF receptors but instead by PDG FRβ
We speculated that VEGF signals to Epo-producing SMA + perivascular stromal cells through its major signaling receptor, Flk1/VEG FR2. However, Flk1/VEG FR2 was undetectable on SMA + perivascular cells using a Flk1/VEG FR2-GFP knock-in reporter mouse (Fig. 5 , A-C). To further examine a mediatory role for canonical VEGF receptors, we measured plasma levels of Epo in VEGF-induced mice treated with the VEG FR1 neutralizing antibody MF1 and the VEG FR2 neutralizing antibody DC101 (Eli Lilly & Co.). Briefly, the respective antibodies were injected i.p. at a dose of 40 mg/kg every 48 h starting 3 wk from VEGF induction, and plasma was drawn for analysis a week later ( Fig. 5 D) . Up-regulated VEGF-induced Epo was unaffected by VEG FR1 or VEG FR2 neutralization, ruling out their involvement in VEGF signal transduction to SMA + perivascular cells (Fig. 5, E and F) .
Previous studies showed that VEGF can bind and signal directly to PDG FRs in different in vitro contexts including in MSCs (Ball et al., 2007) , and can compete with PDG FR-mediated signaling in the vitreous of the eye (Pennock and Kazlauskas, 2012) . We therefore examined the possibility that VEGF signals via PDG FRβ to perivascular EPCs in the kidney, liver, and spleen. Indeed, immunostaining demonstrated that VEGF induces PDG FRβ phosphorylation, specifically in SMA + perivascular cells in all three organs ( Fig. 6 A) . Notably, this PDG FRβ phosphorylation required continued VEGF signaling and was abolished upon VEGF de-induction (ON-OFF regimen; Fig. S3 ). To determine whether PDG FRβ is, in fact, required for transducing VEGF signaling to these EPCs, we used an in vivo PDG FRβ neutralization approach. An experimental protocol similar to the one described above for examining a role for VEGF receptors was used except that a PDG FRβ-neutralizing antibody (1B3; Eli Lilly & Co.) replaced VEGF receptor neutralizing antibodies ( Fig. 6 B) . Results showed that PDG FRβ blockade nullified VEGF-induced Epo mRNA expression in kidney, liver, and spleen ( Fig. 6 , C-E) and was also reflected in almost no additional increase of circulating VEGF-induced Epo during the 1B3 treatment period ( Fig. 6 F) . Consistent with our identification of SMA + perivascular cells as VEGF-recruited EPCs (Figs. 2 and 3), PDG FRβ blockade led to a reduction in the fraction of SMA + perivascular cells producing Epo, lowering it to the basal noninduced level (Fig. 6, G and H) . While our data demonstrate a clear requirement for PDG FRβ in mediating VEGF-induced Epo up-regulation, we cannot distinguish between the possibilities of direct versus indirect signaling.
VEGF-induced Epo acts to boost erythropoiesis in both BM and spleen through expansion of the erythroid progenitor pool
Next, we wanted to determine whether the vast increase in circulating Epo levels induced by VEGF also leads to increased erythropoiesis. Therefore, we examined erythropoiesis in mice exhibiting escalating levels of circulating VEGF compared with VEGF-induced mice. mRNA was quantified by qPCR with GAP DH as a reference, and Epo protein was determined by ELI SA. Results are displayed as fold induction relative to the respective level of expression in control littermates (n = 4-5 mice for all samples). *, P < 0.05; **, P < 0.01 by unpaired, two-tailed Student's t test; error bars represent SEM. (E) Confocal images of representative kidney, liver, and spleen sections immunostained with Hypoxyprobe (pimonidazole). Data are representative of two independent experiments. Note no significant difference between control and VEGF-induced mice. Bar, 50 µm. (F) Normalized relative levels of kidney mRNA of the indicated hypoxia-induced genes measured by qPCR. Each data point corresponds to one animal (n = 7-10 mice); data were combined from two independent experiments. n.s., P > 0.05 by unpaired, two-tailed Student's t test. n.s., not significant; error bars represent ±SEM. (G) RBC, hematocrit, and plasma hemoglobin as a function of circulating VEGF levels, with black representing levels in control mice (n = 10 mice per each range of plasma VEGF). Data are representative of two independent experiments. Note no significant difference between each group. P > 0.05 by one-way ANO VA with Tukey post-test; error bars represent ±SEM. erythropoiesis in noninduced control littermates. As a preliminary measure of active erythropoiesis, we measured the reticulocyte index at increasing VEGF plasma levels, demonstrating a dose-dependent increase in reticulocyte index in circulating blood with increasing VEGF (Fig. 7 A) .
As a more direct erythropoietic readout, we quantified erythroblasts identified as cells double positive for the pan erythroid surface marker Ter119 and the nucleation marker DRAQ5 using FACS ( Fig. 7 B) . Because the spleen is also a potential erythropoietic site that in certain circumstances may substantially contribute to overall erythropoietic output by EME, we included both BM and spleen in this analysis. The total number of BM erythroblasts was found to be only moderately increased and only at the highest range of circulating VEGF levels ( Fig. 7 C) . In the spleen, however, the total erythroblast number was dramatically expanded with increasing VEGF level, with a nearly fourfold expansion taking place in the 700-1,000-pg/ml plasma VEGF range, thus bringing up the total erythroblast number to a significantly higher level than in control mice ( Fig. 7 D) . To directly visualize ongoing erythropoiesis, sections were triple immunostained with the erythroid lineage marker Ter119, the proliferation marker Ki67, and the nuclear stain DAPI for proliferating (triple positive) and nonproliferating (Ki67 − , double positive) erythroblasts. As shown in Fig. 7 (E and F) for spleen, VEGF elicited a robust splenic in situ erythroblast expansion.
To delineate steps in the erythropoietic cascade where VEGF-induced Epo may act, we examined the differentiation profile of erythroid progenitors in BM and spleen using the FACS-based assay described by Koulnis et al. (2011) . In this procedure, the Ter119 hi cell population is further sorted according to size (forward scatter) and activation status (CD71 expression) and divided into EryA, EryB, and EryC erythroid progenitor subpopulations corresponding to the order of increased differentiation ( Fig. 8 A) . In both organs, a dose-dependent increase in VEGF-induced Epo plasma levels led to an increase in the relative frequency of early erythroid progenitors and, reciprocally, to a decrease in the relative frequency of late erythroid progenitors (see Fig. 8 B for a representative example and Fig. 8 C for quantification). These results indicate that the subpopulation of erythroid progenitors most expanded under VEGF is the EryA fraction, consisting mostly of basophilic erythroblasts, a fraction previously shown to be very responsive to Epo for its expansion (Vandekerckhove et al., 2009 ).
Discussion
This study introduces VEGF as a previously unrecognized inducer of Epo and perivascular Gli1 + SMA + PDG FRβ + cells as a previously unrecognized reservoir of EPCs. It further shows that VEGF-induced Epo by this EPC subpopulation acts to increase Figure 2. Identification of EPCs in VEGF-induced kidney. VEGF-induced kidney stained with Epo antibody. EPCs were visualized using HRP or immunofluorescent markers, highlighting perivascular Epo expression. Note Epo expression in previously identified EPCs (proximal tubules and peritubular interstitial fibroblasts; marked by asterisks), as well as by SMA + perivascular cells (marked by arrows). (A and B) Epo-HRP immunostaining with eosin counterstaining.
(C-H) Immunofluorescent Epo staining with the indicated cell type-specific markers: isolectin B4 (staining endothelial cells); CD73 (staining peritubular interstitial fibroblasts); SMA (staining pericytes and VSMC-like cells); LTL (staining distal tubules); and DBA (staining proximal tubules). Bar, 50 µm. Some images were cropped to more closely highlight Epo staining. Data are representative of at least two independent experiments (n = 3-5 animals per experiment). erythropoietic output, the combined outcome of uncompromised BM erythropoiesis and induced splenic EME. The robust increase in plasma Epo induced by VEGF (>10-fold higher than physiological levels) results from its elevated production by three different organs: kidney, liver, and spleen. Normalized to tissue mass, the kidney is clearly the organ most responsive to VEGF with respect to Epo up-regulation. Considering, however, the much larger size of the liver, the overall contribution of the latter to circulating Epo is also highly significant. VEGF induces Epo in a dose-dependent manner and is already evident at rela- tively low doses of 200-400 pg/ml circulating VEGF, which are only two-to threefold higher than normal VEGF plasma levels. Notably, VEGF-induced Epo up-regulation in our experimental system takes place in the face of uncompromised erythropoiesis and with no evidence of hypoxia or anemia, indicating that it is not a compensatory response to erythropoietic stress.
With regard to whether VEGF plays a role in homeostatic Epo production, it was previously shown that VEGF negatively regu- lates Epo synthesis by hepatocytes (but not by renal cells) using multiple VEGF inhibition strategies that increased hepatic Epo synthesis (Tam et al., 2006) . On the contrary, we did not observe an increase in circulating Epo levels by systemic inhibition of VEGF using the VEGF trap Tet-sFlt1/LAP tTA mouse (Fig. S1) . A possible explanation for this discrepancy is that some VEGF inhibition strategies (i.e., neutralization of VEG FR2 with DC101 mAb) may lead to a transient increase in circulating VEGF that could, in turn, induce Epo (Bocci et al., 2004) . Additionally, Tam et al. (2006) focused on hepatocytes as Epo producers, whereas here VEGF was shown to regulate Epo in a perivascular EPC subpopulation in kidney, liver, and spleen. Interestingly, it was recently shown that the resultant hypoxia associated with some VEGF inhibition strategies may also induce renal Epo as an off-target effect (Nakamura et al., 2017) , suggesting that Epo induction upon VEGF inhibition may be a function of the extent of resultant systemic hypoxia in any given VEGF inhibition strategy. Our results lead us to the conclusion that, while elevated VEGF at levels consistent with pathological conditions is clearly capable of augmenting nonhypoxic Epo production, it is dispensable for homeostatic Epo production.
Our findings on the EPC subpopulation engaged in VEGF-induced Epo production should be discussed with reference to known EPCs in other contexts. The identity of renal cells producing Epo under hypoxia based on in situ hybridization and immunostaining is somewhat controversial. A genetic labeling approach using Epo-GFP mice under anemia reinforced the notion that renal peritubular interstitial fibroblast-like cells of the cortex and outer medulla are the major producers of Epo under hypoxia, whereas the intercalated cells of the collecting ducts and proximal and distal tubules are the main producers of physiological Epo under normoxia (Pan et al., 2011; Nagai et al., 2014) . It should be noted, however, that "peritubular interstitial fibroblast-like cells" is a broad term encompassing a heterogeneous group of renal interstitial cells that resemble fibroblasts and that the earlier confusion regarding the precise identity of renal EPCs is likely due to underappreciating the heterogeneity of this cellular pool. Consistent with this idea, it was recently shown that renal EPCs likely originate from a common FoxD1 + stromal progenitor capable of generating multiple subtypes of interstitial cells (Kobayashi et al., 2016) . The range of cells capable of producing Epo under hypoxia was shown to also include astrocytes (Weidemann et al., 2009) and osteoblasts (Rankin et al., 2012) .
With regard to EPCs under VEGF, we identified both classic EPCs as well as a unique population of SMA + perivascular stromal cells resembling VSMCs (Fig. 5) . The latter EPC subpopulation, we note, was not previously reported to produce Epo, unlike other stromal cell subpopulations that either produce Epo under hypoxia or can be manipulated pharmacologically by PHD2 inhibition to induce Epo (Kobayashi et al., 2016) . Considering that in all EPC subpopulations, VEGF induces Epo even under normoxia, in conjunction with findings that the total level of Epo production correlates with the EPC pool size (Obara et al., 2008; Koury and Haase, 2015) , VEGF appears to be a highly efficient inducer of Epo production.
Using lineage tracing, we show that a significant fraction of Epo-expressing perivascular stromal cells under VEGF are descendants of Gli1 + PDG FRβ + MSC-like cells localized to the pericyte niche. Because recombination is not 100%, we speculate that the percentage of VEGF-induced EPCs that we identified as Gli1 + descendants is likely an underestimate. Notably, MSC-like progenitor cells may secrete factors contributing to a regenerative microenvironment upon organ injury (Caplan and Correa, 2011) . On the other hand, Gli1 + cells have been shown to drive vascular calcification upon activation in CKD and contribute to injury-induced fibrosis (Kramann et al., 2015 (Kramann et al., , 2016 . In the face of CKD-associated fibrosis, Gli1 + cells expand and acquire SMA (Kramann et al., 2015) . Interestingly, SMA acquisition is considered a hallmark of myofibroblast conversion associated with loss of ability to produce Epo by damaged renal EPCs (Asada et al., 2011; Kramann and Humphreys, 2014) , although under VEGF, perivascular EPCs express SMA while retaining Epo-producing capability. In models of organ injury and subsequent angiogenesis, Gli1 + cells migrate from the adventitia into the medial layer and neointima and expand, acquiring a VSMC-like phenotype (Kramann et al., 2016) . We observe a similar phenomenon upon VEGF induction, and we hypothesize that these cells are recruited to the EPC pool by VEGF.
Currently, there are ongoing efforts to prevent anemia development in CKD models through attempted restoration of Epo-producing capability in transformed SMA + myofibroblasts or induction of alternate, ectopic cell populations to produce Epo (Bussolati et al., 2013; Kurt et al., 2015; Chang et al., 2016; Souma et al., 2016) . For example, genetic inactivation of HIF prolyl hydroxylases in order to activate the HIF pathway has been used successfully to restore Epo production by SMA + myofibroblast-transformed EPCs (Souma et al., 2016) and in recruiting both renin-expressing and mesangial cells to the EPC pool (Kurt et al., 2015) . Our findings suggest another approach of compensation for an Epo deficit-namely, exploiting VEGF for the recruitment of perivascular Gli1 + SMA + PDG FRβ + cells to the EPC pool.
Per the question of how VEGF interacts with perivascular SMA + Gli1 + PDG FRβ + cells, previous studies have shown that VEGF may promote an association between endothelial cells and Gli1 + cells (Kramann et al., 2015) , that VEGF can regulate MSC mobilization and recruitment to sites of neovascularization, and that VEGF signaling to MSCs devoid of VEG FRs is mediated by PDGF receptors via direct tyrosine phosphorylation induced by VEGF (Ball et al., 2007) . SMA + PDG FRβ + cells is not mediated by the canonical VEGF receptors but rather by PDG FRβ. This finding is also consistent with a study using tumor-bearing mice showing that tumor-derived PDGF-BB signaling via PDG FRβ can activate the Epo promoter and induce ectopic Epo production in spleen stromal cells under normoxia (Xue et al., 2011) . While our results clearly show that PDG FRβ is indispensable for VEGF-induced recruitment of this particular EPC population and hint at a direct mode of action, the possibility that VEGF indirectly signals to PDG FRβ via up-regulation of PDGF-BB, the canonical PDG FRβ ligand, should be examined and cannot be ruled out. Interestingly, PDG FRβ was shown to negatively regulate ectopic erythropoiesis in the placental labyrinth vasculature vis-à-vis Epo production by placental trophoblasts, demonstrating multiple roles for PDG FRβ in Epo regulation that are context dependent (Chhabra et al., 2012) .
We have shown that robust erythropoiesis can be established outside the BM merely by increasing circulating VEGF levels within a permissive range (300-1,000 pg/ml). Remarkably, VEGF-induced EME boosts overall erythropoietic output because, unlike stress-induced EME, it is not at the expense of compro- mised BM erythropoiesis and occurs under normoxic conditions. Our observation that EME is VEGF dose dependent, with a differentiation defect resulting in ineffective erythropoiesis taking place at excessively high levels of circulating VEGF (≥1,200 pg/ ml) for an extended period of time (data not shown), may explain the discrepancy of why, in some contexts, VEGF overexpression has been reported to result in enhanced erythropoiesis (Cerdan et al., 2004; Cervi et al., 2007; Xue et al., 2009; Rehn et al., 2014) , whereas in other circumstances, an erythroid differentiation defect resulting in anemia was observed (Drogat et al., 2010) . We speculate that when circulating VEGF levels are between 300 and 1,000 pg/ml in pathological scenarios, as seen in many cancers (Kraft et al., 1999) , VEGF may augment erythropoiesis, but that at VEGF levels exceeding this threshold, which is often observed in advanced metastatic disease, elevated VEGF may contribute to anemia (Salven et al., 1997) . Likewise, our findings may explain the correlation reported in the clinical literature between VEGF serum levels, EME, and ineffective erythropoiesis (Panteli et al., 2007; Maktouf et al., 2011; Prakash et al., 2012) .
Recombinant Epo has been used extensively to treat anemia, but its use in anemic cancer patients remains controversial. While administration of recombinant Epo has been shown to ameliorate anemia, disease progression and long-term survival rates worsen when patients with metastatic cancer are treated with Epo (Leyland-Jones et al., 2005; Spivak, 2005) , raising concerns that Epo is protumorigenic and proangiogenic. Our finding that elevated VEGF induces Epo raises the possibility that VEGF-Epo cross-talk may have an amplifying role in cancer cell proliferation and tumor angiogenesis in hypoxic tumors in which VEGF and Epo are coinduced. There are also circumstances other than tissue hypoxia where VEGF might augment Epo. For example, we suspect that hormonally induced VEGF in pregnancy might play a role in an apparent transient increase in splenic EME.
Erythropoiesis is a complex multistep process in which Epo plays a fundamental early role. Our analysis of erythroid differentiation reveals that VEGF indeed acts to preferentially expand basophilic erythroblasts, an erythroid progenitor subpopulation highly responsive to Epo. Yet, explaining how VEGF as a singly induced factor can drive all subprocesses of productive EMEincluding HSC mobilization, extramedullary retention, creation of a proper erythropoietic niche, and provision of complementary erythropoietic factors-is currently poorly understood and is the subject of ongoing study in our laboratory.
Materials and methods
Animals
Elevated levels of circulating VEGF164 were achieved through liver-specific VEGF overexpression by using a driver line in which tet-regulated transactivator (tTA) expression is driven by a C/EBPβ (CCA AT/enhancer-binding protein β) promoter (also known as liver-activator protein). The responder tet-VEGF164 transgenic line was previously described (Dor et al., 2002) . The responder tet-VEGF TRAP (soluble fms-like tyrosine kinase [sFlt]) transgenic line encodes a tetracycline-inducible protein composed of an IgG1-Fc tail fused to the extracellular domain of VEGF-R1/sFlt (corresponding to amino acid residues 1-631 in human VEGF-R1/sFlt; described in May et al., 2011) . For maintaining VEGF or sFlt1 in the OFF state, drinking water was supplemented with 500 mg/liter tetracycline (Tevacycline; Teva) and 3% sucrose. Induction of VEGF or sFlt1 was performed by replacing tetracycline-supplemented water with fresh water. VEGF or sFlt could be subsequently shut off (ON-OFF) by reintroduction of tetracycline to the drinking water. Animals harboring LAP tTa alone served as controls unless noted otherwise.
Flk-1 GFP/+ mice in which GFP is targeted to the VEG FR2 (Flk-1) gene locus were used to evaluate Flk1 expression on SMA + perivascular stromal cells in kidney, liver, and spleen (provided by A. Medvinsky, Institute for Stem Cell Research, University of Edinburgh, Scotland, UK). Gli1-CreERT2;Ai9 TdTomato/ Tet VEGF164-LAP tTa mice were generated from Gli1-CreERT2 mice from The Jackson Laboratory (JAX 007913) crossed with an Ai9-tdTomato reporter line (The Jackson Laboratory; JAX 007909), Tet VEGF164, and LAP tTa. Tamoxifen was prepared in sunflower seed oil (Sigma)/ethanol and administered orally once daily for 3 d. Controls were Gli1 -CrERT2: Ai9 TdTomato LAP tTa littermates that lacked the VEGF164 transgene. Due to the need to cross multiple genetic strains, mice are of mixed C57BL6-ICR backgrounds.
ELI SA
The following commercially available ELI SA kits were used to measure protein levels in plasma and tissue lysates: mouse VEGF Quantikine ELI SA kit (R&D Systems; MV00), human sFlt Quantikine ELI SA kit (R&D Systems; DVR100B), and mouse Epo Quantikine ELI SA kit (R&D Systems; MEP00). Blood for plasma collection was drawn via the tail vein with 12 mM EDTA or heparin as an anticoagulant and then centrifuged for 20 min at 2,000 g. Tissue lysates for ELI SA were homogenized in PBS using a Next Advance Bullet Blender homogenizer, stored overnight at −20°C, and lysed with two freeze-thaw cycles followed by centrifugation for 5 min at 5,000 g and collection of the supernatant. The Bradford assay was performed to standardize tissue lysate concentrations according to the manufacturer's instructions (Bio-Rad Protein Assay Dye Reagent Concentrate; 500-0006). ELI SAs were read at 450 nm with a reference value of 540 nm using a Tecan Infinite f200 Pro 96-well plate reader.
FACS
A single-cell suspension was prepared from BM following aspiration from the femur and tibia with a 26-gauge syringe and PBS. A single-cell suspension was prepared from spleen following mechanical dissociation and filtration through a 40-µm cell filtration cap. Single-cell suspensions were washed in staining buffer (0.2% BSA and 5 mM glucose in PBS), and 2 × 10 6 cells per sample were resuspended in the staining buffer for staining with the following anti-mouse antibodies. Lineage exclusion cocktail (all antibodies used at 1:400): FITC rat anti-mouse CD41 (BioLegend; 133904), FITC rat anti-mouse CD45R/B220 (Bio-Legend; 103206), FITC rat anti-mouse CD3 (BioLegend; 10024) , FITC rat anti-mouse CD11b (BioLegend; 101206) , and FITC rat anti-mouse Gr-1 (BioLegend; 108406). Erythroid markers: FITC rat anti-mouse Ter119 1:200 (BioLegend; 116206), Pacific Blue rat anti-mouse Ter119 1:200 (BioLegend; 116232), biotin rat anti-mouse Ter119 1:200 (BioLegend; 116203), PE rat anti-mouse CD71 PE 1:200 (eBioscience; clone R17217), and DRAQ5 1:500 (eBioscience; 65-0880). Secondary antibody: strepavidin-APC-Cy7 (BioLegend;, 405208). FACS was performed on a MACS Quant Analyzer (Miltenyi), and FACS analysis was completed on FlowJo version 10.
RNA isolation
Tissues for RNA isolation were homogenized using a Next Advance Bullet Blender homogenizer. RNA was isolated using Tri-Reagant (Sigma) according to the manufacturer's instructions. RNA was quantified using a Nanodrop spectrophotometer.
cDNA preparation cDNA was prepared from RNA using a high-capacity cDNA reverse transcription kit with RNase inhibitor (Applied Biosystems) according to the manufacturer's instructions.
qPCR primers Primers were designed by using Primer Express (Applied Biosystems) and the National Center for Biotechnology Information's PrimerBlast. Primers were synthesized by Sigma Israel or Integrated DNA Technologies. The sequences for the primers used were as follows: GAP DH-s: 5′-CCT GGA GAA ACC TGC CAAG-3′; GAP DH-as: 5′-CAA CCT GGT CCT CAG TGT AGC-3′; EPO-s: 5′-AAT GGA GGT GGA AGA ACA GGC CAT-3′; EPO-as: 5′-CGA AGC AGT GAA GTG AGG CTA CGTA-3′; Glut1-s: 5′-CAA GGA CAC ACT AAT ACC GAAC-3′, Glut1-as: 5′-TAG GAA GAG ACA GGA ATG GGC GAA-3′; Pgks: 5′-CGC TGT TCT CCT CTT CCT CAT CT-3′; Pgk-as: 5′-TCA TCA CGA CCC GCT TCCC-3′; LdhA-s: 5′-GGT GTT GAG ATG GTG TGGG-3′; and LdhA-as: 5′-GCA GTT GGC AGT GTG TC-3′. 
Hematological analysis
Blood for complete blood counts was drawn via tail vein and collected into micro-EDTA-coated collection tubes (BD; K2E microtainers) and then analyzed by a Mindray BC-2800 Vet hematology analyzer.
Immunohistochemistry 5-µm paraffin sections were cut from liver, spleen, and kidney. Antigen retrieval was performed by citrate buffer (pH 6; Zymed Laboratories) in a pressure cooker. Frozen sections were prepared by fixation in 4% paraformaldehyde followed by treatment in 30% sucrose and embedded in optimal cutting temperature compound before cutting 10-12-µm sections on a Leica CM1950 cryostat.
Immunofluorescence was performed by using both paraffin and frozen sections of VEGF-LAP and control liver, spleen, and kidney. Sections were blocked in 1% BSA and 0.5% Triton X-100. Primary antibodies included rabbit Epo antibody (1:50, H-162, sc-7956; Santa Cruz), mouse Epo antibody (1:50, 7D10, sc-80995; Santa Cruz), rabbit SMA (1:200, ab32575; Abcam), mouse SMA (1:200, ab7817; Abcam), rabbit phospho-PDG FRβ (1:50, phospho Y1021, ab62437; Abcam), rabbit GFP (1:200, G10362; Invitrogen), mouse CD68 (1:200, KP1, ab955; Abcam), rat CD73 (1:50, 14-0731; eBioscience), rat Ter119 (1:100, ab91113; Abcam), rabbit Ki67 (1:200, SP6, RM9106S; Thermo Scientific), rat PDG FRβ (1:00, 14-1402, APB5; eBioscience), and rabbit VCAM1 (1:50, EPR5047, ab134047; Abcam). Lectins and dyes included DRAQ5 (1:1,000, 65-0880-92; eBioscience), biotinylated GSLI-isolectin B4 (1:10, B-1205; Vector Laboratories), DBA rhodamine (1:100, RL-1032; Vector Laboratories), and LTL fluorescein (1:100, FL-1321; Vec-tor Laboratories). Sections were incubated in primary antibody overnight and diluted in 1% BSA and 0.5% Triton X-100 at 4°C. Pimonidazole (60 mg/kg Hypoxyprobe; Chemicon) was injected i.p. 30 min before the animals were sacrificed. Fluorescent secondary antibodies included donkey anti-mouse, rabbit, and rat conjugated to AF488, AF647, Cy3, and extravidin (The Jackson Laboratory) used at 1:200. Sections were mounted with Permafluor mounting medium containing DAPI (Thermo Fisher Scientific). Confocal microscopy was performed using an Olympus FV-1000 using the 20×, 40×, and 80× objectives with single-plane or Z-stack acquisition. Confocal images were analyzed with FV10-ASW 3.0 Viewer and ImageJ (National Institutes of Health).
In vivo inhibition with Flt1/VEG FR1 and Flk1/VEG FR2 neutralizing antibodies MF1, a monoclonal neutralizing antibody against Flt1/VEG FR1, and DC101, a monoclonal neutralizing antibody against Flk1/VEG FR2 (both gifts from Eli Lilly & Co.) were injected i.p. at a dose of 40 mg/kg 3×/wk for a period of 1 wk in Tet VEGF164/LAP tTa mice that had been overexpressing VEGF for a period of 3 wk at the initiation of the experiment and control monotransgenic LAP tTa mice. Circulating VEGF and Epo levels were evaluated in response to the treatment.
In vivo inhibition with PDG FRβ-neutralizing antibody PDG FRβ-neutralizing antibody (1B3, provided by Eli Lilly & Co.) was administered i.p. 3×/wk at a dose of 30 mg/kg for 2 wk to TetVEGF164-LAPtTa mice following 3 wk of VEGF induction and to a group of control (LAPtTa) mice over the same period. Additionally, vehicle (saline) was administered to matched groups of VEGF-induced mice and control mice over the same treatment period (n = 5-9 animals per group).
Statistical analysis
For comparison between two groups, Student's t test was used, and P values assumed two-tailed distribution and unequal variances (*, P < 0.05; **, P < 0.01; ***, P < 0.001). Comparisons between multiple groups were calculated by one-way ANO VA with Tukey post-test. Statistical information relevant to individual experiments is detailed in the figure legends. GraphPad Prism 7 software was used for statistical analysis. For animal studies, the investigator was not blinded during group allocation, the experiment, or when assessing the outcome.
Study approval
Animal experiments were performed in accordance with Hebrew University of Jerusalem Institutional Animal Care and Use Committee guidelines under animal ethics protocols MD-13-13939-2 and MD-17-15101-4. Fig. S1 shows the effect of VEGF inhibition (by sFlt overexpression) on homeostatic Epo production by ELI SA, qPCR, and blood smear. Fig. S2 shows Epo expression under VEGF induction in spleen by immunostaining. Fig. S3 shows immunostaining for phosphorylated PDG FRβ following VEGF induction and de-induction.
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